The incorporation of 7-deazaguanine modifications into DNA is frequently used to probe protein recognition of H-bonding information in the major groove of DNA. While it is generally assumed that 7-deazaguanine forms a normal Watson-Crick base pair with cytosine, detailed thermodynamic and structural analyses of this modification have not been reported. The replacement of the 7-N atom on guanine with a C-H, alters the electronic properties of the heterocycle and eliminates a major groove cation-binding site that could affect the organization of salts and water in the major groove. We report herein the characterization of synthetic DNA oligomers containing 7-deazaguanine using a variety of complementary approaches: UV thermal melting, differential scanning calorimetry (DSC), circular dichroism (CD), chemical probing and NMR. The results indicate that the incorporation of a 7-deazaguanine modification has a significant effect on the dynamic structure of the DNA at the flanking residue. This appears to be mediated by changes in hydration and cation organization.
INTRODUCTION
The reaction of DNA with electrophiles that bear significant cationic charge is qualitatively dependent on DNA sequence, as well as quantitatively dependent on the concentration and nature of the cations present (1) (2) (3) (4) (5) (6) (7) (8) (9) . We have suggested that the differential reactivity is associated with the sequence-dependent electrostatic landscape (SDEL) that also drives the observed occupancy of inorganic cations associated with the major groove of DNA (10) . Accordingly, there is a good correlation between monovalent cation occupancies (11) and DNA methylation at N7-G by N-methyl-N-nitrosourea (MNU) (10) where the methylating intermediate is a charged methanediazonium ion (CH 3 N 2 + ) (4, (12) (13) (14) (15) (16) . In order to manipulate the SDEL, we have previously tethered ammonium ions in the major groove via alkyl linkages attached to the 5-position of pyrimidines (17, 18) . These cationic side-chains regioselectively inhibited DNA methylation in the major groove towards the 3 0 -direction. As is often the case with DNA modifications, the effect of these cationic side-chains on DNA structure and DNA methylation, turns out to be sequence-dependent. For example, when a 3-aminopropyl side-chain is attached to T 8 in the self-complementary Drew-Dickerson dodecamer (DDD) (Figure 1 ), we observed that the cation was in the major groove near G 10 , possibly causing the DNA to be flexible or bent, the DNA duplex was thermodynamically destabilized relative to unmodified DNA and MNU-induced N7-G methylation at G 2 , G 4 and G 10 was reduced (10, (19) (20) (21) . Moving the attachment of the side-chain by one base pair to T 7 caused the ammonium ion to point out into the solvent with no indication that the DNA was deformed. The DNA was stabilized relative to unmodified DNA and methylation by MNU was only reduced at G 4 (10, 20, 21 ). In the current study, we have attempted to produce subtle changes in the SDEL by introducing a 7-deaza-G (7-zG) residue in place of G 10 in DDD ( Figure 1 ). The removal of the nitrogen lone pair electrons should reduce the electrostatic charge in the vicinity of a major groove site with high cation occupancy (11) . The incorporation of 7-zG as a surrogate for G is often used as a way to dissect ligand-DNA interactions at G since removing the N7-nitrogen formally removes a potential H-bond acceptor site in DNA. Accordingly, reduction in binding of a ligand, including proteins, to DNA with the 7-zG substitution is interpreted to mean that ligand binding requires Hoogsteen H-bonding with the N7-position on G. Despite the use of 7-zG in numerous biophysical and structural studies (22) (23) (24) (25) (26) (27) (28) (29) , where it is assumed that it forms a 'normal' Watson-Crick base pair with C, only a limited number of studies of DNA with a 7-zG-C base pair have been reported (30, 31) . Herein, we show that there is a difference, as detected by calorimetric, chemical, UV and NMR studies, between 7-zG-C and G-C base pairs. The origin of the difference between 7-zG-C and G-C base pairs is discussed in terms of the fundamental role of major groove cations and water in the stabilization of the DNA architecture.
MATERIALS AND METHODS

Materials
All oligonucleotides ( Figure 1) were synthesized in the University of Nebraska Medical Center Eppley Institute Molecular Biology Shared Resource, Omaha, NE, purified by reverse-phase HPLC, desalted on a G-10 Sephadex column, and lyophilized to dryness. The 7-zG was introduced as the phosphoramidite (Glen Research, Sterling, VA, USA). The on-column oxidation of the phosphite to phosphate when a 7-zG is present requires (1S)-(+)-(10-camphorsulfonyl)oxaziridine rather than I 2 according to the manufacturer's protocols (Glenn Research, Sterling, VA, USA). The dry oligomers were then dissolved in the appropriate buffer.
The extinction coefficients of oligonucleotides were calculated in water from the tabulated values of the monomer and dimer nucleotides at 260 nm and 258C (32) . These values were then estimated in the random coil state at 808C using a procedure reported earlier (33) and assuming similar extinction coefficients for 7-zG and G. We obtained molar extinction coefficients of (in mM À1 cm À1 ): 111 (dodecamers), 95 (decamers), 105 (hairpin loops), 52 (hexamer control) and 62 for the oligomers with a one base overhang.
The syntheses of the 2 0 -deoxy-3 0 ,5 0 -bis(triisopropylsilyl) derivatives of C, G and 7-zG were performed based upon methods previously reported (34) .
Temperature-dependent UV spectroscopy (UV melts)
UV melting curves were measured using a thermoelectrically controlled UV/Vis Aviv 14DS or a Lambda 40-Perkin Elmer spectrophotometer, interfaced to a PC computer for data acquisition and analysis. Absorbance at 260 and/or 275 nm was monitored as the temperature was scanned at heating rates of 0.75-1.008C/min. Analysis of the shape of melting curves yields the transition temperature, T M , and van't Hoff enthalpies, H vH (35, 36) . Melting curves as a function of strand concentration, 7-70 mM, were obtained to check for the molecularity of each molecule. Additional melting curves were obtained as a function of salt and osmolyte concentration to determine the differential binding of counterions and water molecules that accompanies their helix coil transitions.
Circular dichroism
Circular dichroism (CD) measurements were conducted on an Aviv (model 202SF) CD spectrometer (Lakewood, NJ, USA). The spectrum of each duplex was obtained using a strain-free 1 cm quartz cell at low temperatures to ensure 100% duplex formation. Typically, 1 OD of a duplex sample was dissolved in 2 ml of a buffer containing 10 mM sodium phosphate (pH 7.0). The reported spectra correspond to an average of three scans from 220 to 350 nm at a wavelength step of 1 nm.
Differential scanning calorimetry
The heats for the temperature-unfolding reactions of the duplexes were measured using a VP-DSC differential scanning calorimeter (DSC) (Microcal, Inc., Northampton, MA, USA). The heat capacity profile for each DNA solution was measured against a buffer solution. The obtained experimental curve was normalized by the heating rate, and a buffer versus buffer scan subtracted using the program Origin version 5.0 (Microcal). In the case of multiple transitions, this software was used to deconvolute the transitions assuming that the temperature-dependent unfolding takes place through sequential independent transitions. The resulting curve for each transition is then integrated R ÁC p dT À Á and normalized for the number of moles, yielding the molar enthalpy (ÁH cal ), which is independent of the nature of the transition (35, 36) . The molar entropy (ÁS cal ) is obtained by a similar procedure using R ÁC p =T À Á dT. The free energy at any temperature T is then obtained with the Gibbs equation:
Alternatively, these free energy terms were obtained using
that is rigorously true for monomolecular or hairpin transitions. However, both procedures yielded similar results.
Differential binding of counterions and water
The helical and coil states of an oligonucleotide are associated with a different number of bound ions and water molecules; therefore, their helix!coil transition is accompanied by a differential release (or uptake) of counterions, Án Na þ , and water, Án w . These two linking numbers are measured experimentally with the assumption that counterion or water binding to the helical and coil states of the oligonucleotide takes place with a similar type of binding using the following relationships (37):
The first term in brackets,
, is a constant determined directly in DSC experiments, R is the gas constant; while the second term in parenthesis is also determined experimentally from its T M -dependence on the concentration of counterions and water, respectively. The numerical coefficients are derived from converting natural logs into decimal based logs. In addition, the 0.483 coefficient has an extra factor (0.9) for converting ionic activities into ionic concentrations.
In the determination of Án Na þ , UV melts were measured in the salt range of 10-200 mM NaCl at pH 7; while in the determination of Án w , UV melts were measured in the ethylene glycol concentration range of 0.5-4.0 m at pH 7 and 10 mM NaCl.: this co-solute does not interact specifically with DNA (38) . The osmolalities of the latter solutions are obtained with a UIC vapor pressure osmometer Model 830 (Jolliet, IL, USA), which was calibrated with standardized solutions of NaCl. These osmolalities were then converted into water activities, a w , using the following equation (39) :
where Osm is the solution osmolality and M w is the molality of pure H 2 O, equal to 55.5 mol/kg H 2 O.
Chemical probes of DNA structure DNA oligomers with or without the 7-zG modification were end-labeled with 32 P[ATP] using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA, USA). The 5 0 -32 P-labeled DNA (with or without an excess of complementary strand) and 100 pM sonicated calf thymus DNA were incubated with THF-OOH in 10 mM sodium cacodylate buffer, 1 mM EDTA (pH 7.0) in a final reaction volume of 30 ml at 108C for 1 h, and then heated at 908C (pH 7.0) for 2 min (40, 41) . Incubations were stopped by cooling the reaction in ice and precipitation of the DNA by addition of NaOAc and cold EtOH. The precipitated DNA was washed with EtOH and dried in vacuo. The THF-OOH treated DNA was heated at 908C for 15 min in 30 ml of 10 mM Tris, 1 mM EDTA buffer (pH 7.0) to convert THF-OOH induced lesions into abasic sites. The DNA was then precipitated, washed and dried. Precipitated DNA samples were taken up in 1 M piperidine (100 ml) and heated for 20 min at 908C to generate strand breaks. After removal of piperidine in vacuo, the DNA was suspended in loading buffer (80% deionized formamide, 50 mM Tris-borate, pH 8.3, 1 mM EDTA) and denatured by heating at 908C for 1 min, followed by cooling in ice. The DNA was electrophoresed on a 20% polyacrylamide denaturing gel (7.8 M urea) at 75 W ($558C). Standard Maxam-Gilbert G and G + A reaction lanes were included as sequence markers (42) . The gel was then exposed to a phosphorimager screen and analyzed using a Molecular Dynamics Phosphorlmager (Sunnyvale, CA, USA). For control purposes, the unmodified or modified DNA were similarly treated but the addition of THF-OOH was omitted.
NMR studies DDD and DDD-1 were heated to 908C and then cooled to room temperature, and the duplex stoichiometry established by 1 H NMR. The duplexes were dissolved in 0.5 ml of 10 mM NaH 2 PO 4 buffer containing 0.1 M NaCl and 50 mM Na 2 EDTA (pH 7.0). The oligodeoxynucleotide concentrations were $0.9 mM. 1D NMR spectra for the exchangeable protons were recorded at 5 (44, 45) and exclusive COSY (E-COSY) (46) spectra were collected at 258C at 500.13 MHz and zero filled to give a matrix of 1024 Â 2048 real points. A skewed sine-bell square apodization function with a 908 phase shift and a skew factor of 1.0 was used in both dimensions. P HMBC spectra were obtained at 308C (47) . The data matrix was 256 (t 1 ) Â 2048 (t 2 ) complex points. The data were Fourier transformed after zero filling in the t 1 dimension, resulting in a matrix size of 512 (D1) Â 2048 (D2) real points. Trimethyl phosphate was used as an external standard. NMR data were processed using the program FELIX2000 (Accelyris, Inc., San Diego, CA, USA) on Silicon Graphics (Mountain View, CA, USA) Octane workstations.
Experimental restraints.
Distance restraints. Footprints were drawn around cross-peaks for the NOESY spectrum measured at a mixing time of 250 ms, using the program FELIX2000.
Identical footprints were applied to the cross-peaks obtained at other mixing times. Cross-peak intensities were determined by volume integration. The intensities were combined with intensities generated from complete relaxation matrix analysis of a starting DNA structure to generate a hybrid intensity matrix (48) . The program MARDIGRAS (v. 5.2) (49,50) was used to refine the hybrid matrix by iteration. The molecular motion was assumed to be isotropic. The noise level was set at half the intensity of the weakest cross-peak. Calculations were performed using DNA starting structures generated using the program INSIGHT II (Accelyris, Inc.), and NOE intensities derived from experiments at three mixing times, and with three I c values (2, 3 and 4 ns), yielding 18 sets of distances. Analysis of these data yielded experimental distance restraints and SD used in restrained molecular dynamics calculations. For overlapped cross-peaks, the bounds on the distances were increased. The restraints were divided into four classes, reflecting the confidence level in the data. The data were fit to curves relating the coupling constants to pseudorotation (P), sugar pucker amplitude (f), and the percentage S-type conformation. The pseudorotation and amplitude ranges were converted to the five dihedral angles 0 to 4 .
Additional restraints. A symmetry distance restraint maintained pseudodyad symmetry. Empirical WatsonCrick hydrogen-bonding restraints were consistent with crystallographic data (52) and were similar to those previously used (53, 54) . Their inclusion was based on NMR data that showed the modified DNA maintained Watson-Crick base pairing. The backbone torsion angles a, b and were constrained to À608 AE 308, 1808 AE 308 and À908 AE 308 to maintain A-or B-form, respectively (55) .
Restrained molecular dynamics. Calculations were performed in vacuo using a simulated annealing protocol with the program X-PLOR (56). The force field was derived from CHARMM (57) and adapted for nucleic acids. The empirical energy function treated hydrogens explicitly. The van der Waals energy term used the Lennard-Jones potential energy function. The electrostatic term used the Coulomb function, based on a full set of partial charges (À1 per residue) and a distancedependent dielectric constant of 4r. The non-bonded pair list was updated if any atom moved more than 0.5 Å , and the cutoff radius for non-bonded interactions was 11 Å . The effective energy function included terms describing distance and dihedral restraints, in the form of square-well potentials. Sets of rMD calculations for DDD-1 were initiated by coupling to a heating bath, with a target temperature of 1100 8K. The force constants were 25 kcal/mol/Å 2 for empirical hydrogen bonding, 10 kcal/mol/Å 2 for torsion angle restraints, and 50, 45, 40 and 35 kcal/mol/Å 2 for the four classes of NOE restraints. The target temperature was reached in 10 ps and was maintained for 25 ps. The system was cooled to 288.15 8K over 10 ps and maintained at that temperature for 25 ps of equilibrium dynamics. The force constants for the four classes of NOE restraints were scaled during the 10 ps of the heating period to 200, 180, 160 and 140 kcal/mol/Å 2 , in the order of confidence factor. These weights were maintained during the remainder of the heating period and for the first 5 ps of equilibrium dynamics. They were then scaled to 100, 90, 80 and 70 kcal/mol/Å 2 in the order of confidence factor. The torsion angle and base-pair distance force constants were scaled to 180 and 100 kcal/mol/Å 2 during the same period as for the NOE restraints. They were scaled to 70 and 45 kcal/mol/Å 2 , also at the same time as the NOE restraints. Coordinate sets were archived every 0.1 ps, and 41 structures from the last 4.1 ps were averaged. These average rMD structures were subjected to 200 iterations of conjugate gradient energy minimization to obtain the final structures. The representative final structure of DDD-1 was compared to DDD (55) .
NMR experiments to measure H-bonding of 2'-deoxynucleosides in CHCl 3
The experimental design closely followed that previously described (34) using a 500 MHz instrument. A solution of the 2 0 -deoxy,3 0 ,5 0 -bis(triisopropylsilyl)cytidine in anhydrous CHCl 3 was mixed with 2 0 -deoxy,3 0 ,5 0 -bis(triisopropylsilyl)guanosine or 2 0 -deoxy,3 0 ,5 0 -bis(triisopropylsilyl)-7-deazaguanosine in anhydrous CDCl 3 to give mixtures with mole fractions ranging from 100:0 to 0:100 while maintaining the same concentration of deoxynucleotides. The intensities and chemical shifts for the amino and imido protons on the pyrimidine and purine bases were monitored at room temperature.
RESULTS
Optical melting studies for 7-zG modified duplexes
The UV melting experiments at 260 nm for DD and DD-1 (Figure 2a ) reveal that both decamer duplexes at 10 mM NaCl unfold via a monophasic transition, while both dodecamers (DDD and DDD-1) unfold in broad biphasic transitions (Figure 2b) . The dodecamers are self-complementary with 5 0 -CGCG runs at the termini; therefore, the overall melting behavior corresponds to duplex ! hairpin and hairpin ! random coil transitions, while the corresponding decamers, which form less stable hairpins, melt through a single duplex ! random coil transition (Figure 2a ). This is in excellent agreement with earlier unfolding measurements on related oligonucleotides (33, 58, 59) . The second transition observed in the melt of DDD-1 and DDD reflects the hairpin to random coil transition. Shape analysis of the melting curves yielded the T M for each transition and, to a first approximation, the 7-zG substitution is destabilizing. It should be noted that the UV melt for DDD-1 is quite different from DDD and may reflect the rapid equilibration between duplex and hairpin structures. The UV melts of the hairpins with thymine loops show broad monophasic transitions (Figure 2c ) with T M of 68.48C (HPL) and 63.78C (HPL-1), which is evidence that the incorporation of 7-zG ! G substitution is destabilizing.
To confirm the molecularity of each transition, the helix-coil transitions for the oligonucleotides were measured over a 10-fold strand concentration range. The T M -dependences on strand concentration for each pair of molecules are shown in Figure 3a -c. In the case of the decamer (DD and DD-1) duplexes, there is one transition and the T M increases with strand concentration with similar slopes (Figure 3a) , suggesting a duplex ! random coil melting of the decamer duplexes. The T M of the first transition for DDD increased with increasing strand concentration; however, the T M of DDD-1 did not show a similar response. The T M for the second transition remained constant for both dodecamers, which is consistent with the formation of an intramolecular hairpin. These results confirm the sequential duplex ! hairpin ! random coil melting of each dodecamer duplex. The T M for the single transitions of the hairpin loops (HPL and HPL-1) remained constant, which is consistent with their intramolecular nature. Table 1 shows the T M for each oligonucleotide at several salt concentrations obtained from the T M -dependence on strand concentration curves at a strand concentration of 10 mM. The T M of the modified DD-1 is $1.58C lower than the unmodified (DD), and increases to 58C at higher salt concentrations. For the dodecamers, the T M of the first transition of DDD-1 relative to DDD (unmodified) is $28C higher in 16 mM Na + (plain buffer) and an average of 6.58C lower at higher salt concentrations. On the other hand, the 7-zG modified hairpin has a T M of 48C lower than the T M of the unmodified hairpin, which is consistent with the destabilizing effect of 7-zG in high salt environments. The increase in salt concentration shifts the first duplex transitions to higher temperatures and becomes closer to the transitions of the hairpins. The overall destabilizing effect of 7-zG ! G substitutions will be best explained in terms of their free energy contributions, which takes into account both T M and enthalpy contributions (see below).
Differential scanning calorimetry for 7-zG modified duplexes
To better understand the stability effects seen in the thermal melting studies, DSC experiments on the same sets of paired molecules were performed over a range of salt concentrations. Typical excess heat capacity (ÁC p ) versus temperature profiles in 10 mM buffer (Figure 4) indicate that the helix-coil transitions are biphasic for the dodecamer and monophasic for the decamers and hairpins, and take place without changes in the heat capacity of the initial and final states. For DDD, the first transition at low temperatures is broad, while the second transition at higher temperatures is sharper (Figure 4b) . The DSC for DDD-1 affords a broad peak with a poorly resolved shoulder at lower temperatures. These heat capacity profiles at low salt concentrations confirm the UV melting studies and show that each dodecamer duplex follows a sequential melting of an initial duplex structure to hairpin at the lower temperatures, and to the final random coil state at the higher temperatures. Similarly, the decamers and hairpins unfold through a duplex to random coil transition confirming the UV melting data (Figure 4a) .
Analysis of the DSC scans at different salt concentrations of the single transitions of the decamers yielded similar endothermic enthalpy differences of 9-12 kcal/mol. This decrease in enthalpy is due to the introduction of two 7-zG residues in the decamer at 10 and 100 mM NaCl (Table 1) . Furthermore, deconvolution at different salt concentrations of the two transitions for the dodecamers and integration of each peak yield endothermic enthalpies: 116 kcal/mol for DDD and a reduced unfolding enthalpy of 106 kcal/mol for DDD-1 (Table 1) . At the higher salt concentrations, the ÁÁH remains near 10 kcal/mol for DDD versus DDD-1; however, at intermediate salt concentration this difference is 20 kcal/mol. The effects of salt concentration on the duplex/hairpin equilibrium in the dodecamer duplexes may be explained in terms of a better stabilization of the duplex state of DDD (relative to DDD-1) than their hairpin states, i.e. 12 versus 4 bp stems, as the salt concentration is increased. This effect disappears at 0.2 M NaCl because the concentration of hairpin is reduced and at the same time, the unfolding of the duplex is similar to that of the hairpin state. Moreover, in 10 mM buffer, the enthalpy difference for the hairpins is 4 kcal/mol, corresponding to the introduction of a single 7-zG residue.
The inclusion of two 7-zG modifications (one per strand) in DD-1 yielded a decrease in ÁG of 1.0 and 1.5 kcal/mol in 10 and 100 mM NaCl, respectively. The dodecamers also show a ÁÁG of $1 kcal/mol but this difference rises to 5 kcal/mol in 100 mM NaCl and drops to 2 kcal/mol in 200 mM NaCl. A similar trend is observed for the differences in the enthalpies in different ionic strengths. As mentioned above, the resolution of the first and second transitions for DDD-1 is poor, not allowing accurate measurements of the T M , unfolding enthalpies and free energies. Furthermore, the hairpins show a 1 kcal/mol decrease for the inclusion of a single modification in the modified hairpin.
Stacking of 7-zG
Although the surface areas for G and 7-zG are comparable (85 and 86 Å 2 , respectively), there is a significant difference in the MOPAC calculated dipoles, 4.312 and 6.499 Debye for 9-methyl-7-zG and 9-methyl-G, respectively. This could induce a reduction in local DNA stability at the 7-zG-C pairing due to a decrease in the ability of 7-zG to stack relative to G. To study this aspect of duplex stabilization (60), we prepared two constructs that have either a G (Blunt + G) or 7-zG (Blunt + 7-zG) as an overhanging base on the end of a blunt end duplex (Figure 1) . The ÁÁH values of 7-8 kcal/mol (Table 1) for the oligomers with overhanging bases relative to the blunt end DNA reflect stabilization due to the stacking of the additional base ( Figure 5 ). The stabilization in 1 M NaCl is observed in both the thermal melts ( Figure 5a ) and DSC (Figure 5b ) experiments. However, both the dangling G and dangling 7-zG give virtually identical melting curves and ÁH cal 's indicating that there is no significant difference between the stacking of G and 7-zG.
The CD spectra of Blunt, Blunt + G and Blunt + 7-zG were also obtained at 1 M NaCl (Figure 6a ). All three duplexes are in the B-conformation, but the intensities of the negative band near 250 nm in the CD spectrum, which is related to base stacking, are different. The most intense signal is for the Blunt + G and the least intense for Blunt with the 7-zG overhang being intermediate. In contrast to our DSC data, this may indicate somewhat reduced stacking for the 7-zG base. Furthermore, the transition of the blunt duplex from B-to Z-DNA in 5 M NaCl is well-documented and is shown in Figure 6b . Interestingly, the G and 7-zG overhangs inhibit this salt-dependent conformational change. This reflects that both G and 7-zG stabilize the B-conformation by forming the initial stack of these duplexes at their 5 0 -terminus, which prevents the transition to Z-DNA.
CD was also used to evaluate base-pair stacking in DDD-1 and DD-1 versus the unmodified duplexes. In comparing the 7-zG and G substituted duplexes, there is on the average a 15% decrease in the intensity of the 250 nm band in DDD-1 and DD-1 relative to DDD and DD, respectively (Figure 7) . Although the differences in the CD intensities between the modified and the corresponding unmodified duplexes are relatively small, as would be expected since only 2 bp have been altered, they may suggest a decrease in stacking that is consistent with the decrease in the calorimetric enthalpy values for DD-1 and DDD-1 ( Table 1) .
Effect of 7-zG on H-bonding
As mentioned above, the electronic nature of the 7-zG purine ring system is different than that of G. In order to experimentally evaluate the H-bonding properties of 7-zG relative to G, we prepared 3 0 ,5 0 -bis(triisopropylsilyl) substituted 2 0 -deoxynucleoside analogs of C, G and 7-zG that afford sufficient solubility in a non-polar environment, such as CDCl 3 (Figure 8) . Above the 0.5:0.5 mole fraction, there is a difference between the unmodified and modified deoxynucleosides (data not shown), but this is attributed to the ability of dG to form triplexes with dC-dG and self-associated G-quartets (34) . The 7-zG cannot participate in these higher order structures due to the missing Hoogsteen H-bond acceptor site, and the failure of 7-zG to form higher order structures confirms the original interpretation of the NMR spectra of dC-dG in CDCl 3 (34) .
To determine whether we could detect any H-bonding difference between silylated dG-dC and 7-z-dG-dC as a function of temperature, the chemical shift changes for the 
G-N1-H, C-N
4 -H 2 and G-N 2 -H 2 protons were monitored in CDCl 3 over a temperature range of 0-508C. No differences between dG-dC and 7-z-dG-dC were observed for any of the H-bonding protons (data not shown). We conclude that the Watson-Crick base pairing is not directly altered by the 7-zG substitution, which is consistent with the NMR data detailed below for DDD and DDD-1.
NMR structure of DDD-1
To understand if the thermodynamic instability of DDD-1 relative to DDD was due to a localized effect near the 7-zG-C pair, the imino proton region of the 1 H-NMR spectra of DDD and DDD-1 were followed as a function of temperature ( Figure 9) . Surprisingly, the NMR spectra show that the N 2 -imino proton of the 7-zG 10 -C 3 pair in DDD-1 behaves similar to the G 10 -C 3 base pair in DDD, except for some increased line broadening at lower temperature. However, the G 2 -C 11 imino proton of the flanking base pair is significantly broader by 258C in DDD-1, almost baseline at 358C and baseline at 458C. The remaining peaks were also slightly broader at the lower temperatures in DDD-1 relative to the corresponding peaks in DDD. The above results suggest that the strength of the Watson-Crick base pairing at 7-zG-C is essentially maintained, but that there is a significant change in the exposure of the flanking G 2 -C 11 base pair to the solvent. A more detailed analysis of the NMR spectra at 158C, which at the salt concentration used is 308C below the T M of DDD-1, involving distance and torsion angle constraints and base-pairing information, provides rMD calculated structures of DDD relative to DDD-1 ( Figure 10 ). The results confirm that the stacking in the environment of the 7-zG-C is similar in the two oligomers: there is little difference between the G 4 -C 9 and C 3 -7-zG 10 stack in DDD-1 and the G 4 -C 9 and C 3 -G 10 stack in DDD ( Figure 10 ). The stacking pattern of C 3 -7-zG 10 and G 2 -C 11 in DDD-1 relative to DDD, respectively, are marginally different. However, the reduction in overlap of the C 3 -7-zG 10 /G 2 -C 11 base-pair stack in DDD-1 may not be significant due to the proximity to the terminus and the low number of NOEs used to model the structure.
Chemical footprinting of a 7-zG-C base pair in DNA
The rapid exchange that is observed in the NMR for the imino proton of the G 2 -C 11 pair adjacent to the 7-zG suggested that the DNA may be transiently non-canonical in the vicinity of the 7-zG-C pair and thus, susceptible to footprinting by agents that preferentially react with C that have some 'single-strand' character. The reagent used, 2-hydroperoxytetrahydrofuran (THF-OOH), to perform this analysis selectively reacts with C that are in ss-DNA or in non-canonical forms (40, 41) . The location of the THF-OOH reactive bases is revealed on PAGE after heating the THF-OOH treated DNA at neutral pH to generate abasic sites that are subsequently converted into single-strand breaks by treatment with hot piperidine (42) . The treatment of unmodified DUPLEX-1 (Figure 1 ) with THF-OOH resulted in no significant cleavage at any C ( Figure 11 ). In contrast, the C flanking the 7-zG in DUPLEX-1 are hyper-reactive suggesting that the DNA is partially non-canonical near the modification. In addition to the bands at C, there is a very intense band at the 7-zG position and weaker bands at the other two unmodified G in the strand. The origin of THF-OOH mediated cleavage at 7-zG presumably entails the rapid oxidation of 7-zG to 8-oxo-7-zG, and its subsequent oxidation to a pyrrolidine-2,4-dione by THF-OOH similar to that observed for 8-oxoG when exposed to oxidizing agents (61, 62) . The control reaction, in which the 7-zG-modified oligomer is heated at pH 7.0 and then exposed to hot piperidine, affords only a weak band at the 7-zG position. These data provide additional evidence of the enhanced Figure 8 . Chemical shift changes upon mixing dC with increasing amounts of dG or 7-z-dG: (a) dG-H1-dC (filled circle) and 7-z-d G-H1-dC (filled triangle); (b) dG-dC-N4H 2 (filled circle) and 7-z-d G-dC-N4H 2 (filled triangle); (c) dG-N2H 2 -dC (filled circle) and 7-z-dG-N2H 2 -dC (filled triangle). dynamic exposure of the bases near the 7-zG-C base pair to solvent.
Effect of 7-zG on cation binding and hydration
The above experiments indicated that there are no significant alterations in the intrinsic stacking and H-bonding properties of 7-zG that could explain the reduced stability of DDD-1 versus DDD or DD-1 versus DD, and the hyper-reactivity of DUPLEX-1 (X = 7-zG) to THF-OOH or the enhanced imino proton exchange of the flanking C 11 -G 2 base pair in DDD-1. Since the original intent behind incorporating 7-zG into DNA was to inactivate the N7-G cation-binding site on G 10 in DDD-1 (or G 9 in DD-1), we considered the significance of cation binding in the reduced stability of the 7-zG modified duplexes.
To experimentally confirm the loss, albeit global, of cations associated with DDD-1, DD-1 and HPL-1, the dependence of their T M on salt concentration was determined. For each molecule, increasing the concentration of Na + from 16 to 200 mM results in the shift of the melting curves to higher temperatures (data not shown). The increase in salt concentration shifts the duplexhairpin-random coil equilibrium towards the conformation with higher charge density parameter, i.e. the duplex state. The T M dependence on salt concentration for each molecule is shown in Figure 12 . A linear dependence is obtained with slope values in the range of 3.758C (HPL-1) to 10.68C (DD). According to Equation (1), the slope of these lines, together with the (ÁH cal /RT M 2 ) terms obtained at a similar strand concentration for all molecules, provide the linking thermodynamic parameter, Án Na+ , for salt uptake during formation of each duplex (Table 1) . We obtained negative Án Na+ values for the formation of each duplex and hairpin at 10 mM NaCl. Specifically, we measured Na + uptake, in mol Na + per mol duplex, of 2.2 (DD) and 1.8 (DD-1), 2.3 (DDD) and 1.7 (DDD-1). These values are consistent with the higher charge density of the duplex state. For the hairpins, we also obtained counterion uptakes of 0.26 (HPL) and 0.21 (HPL-1) mol Na + per mol hairpin at 10 mM NaCl ( Table 1) . As expected, the overall values are low because of end effects but consistent with the unfolding of short oligonucleotide duplexes i.e. the base pairs at the ends are less helical due to their increased exposure to the solvent. The increase in bulk salt concentration yielded lower Án Na+ values due to higher screening of the phosphates. However, a closer inspection of these data indicate that the decamer values are higher than expected, which could be due to their higher T M dependence on salt concentration. This may be due the higher percentage ($7%) of A-T base pairs in the decamers that are more sensitive to salt concentration.
The main observation is that the incorporation of 7zG into a DNA duplex or hairpin causes lower counterion binding. For instance, there is a ÁÁn Na+ of 0.4 and 0.2 between DD and DD-1 at 10 and 100 mM NaCl, respectively, and ÁÁn Na þ of 0.6, 0.5 and 0.3 between the pair of dodecamer duplexes at 10, 100 and 200 mM NaCl, respectively. Therefore, the incorporation of two G ! 7z-G substitutions into these duplexes at the 10-100 mM range of NaCl, after the normalization of the data based upon the number of phosphates, yields a net decrease of 0.4 mol Na + /mole of duplex in counterion binding to the modified duplexes, or 0.25 mol Na + /mole duplex per modification. This value is in good agreement with the lower Na + binding of 0.05 mol per mole hairpin, observed with the single 7-zG substitution in the modified hairpin. The actual value of counterion binding depends on the position of the modification in the duplex, i.e. the charged phosphate groups adjacent to 7-zG that are close to the helical termini would behave less like double helical phosphates due to fraying. In the case of the hairpins, which melt 378C higher than the duplexes, the phosphates behave less helical due to an increase in thermal fluctuations.
In addition to changes in cation binding, it was of interest to understand how 7-zG affected DNA hydration as counterion binding is closely associated with hydration changes. This was accomplished by measuring the effect of added osmolyte concentration on the T M , which provides a measure of the change in hydration between the duplex and denatured states Equation (2) . For each molecule, increasing the concentration of osmolyte (ethylene glycol) from 0.5 to 4.0 m (i.e. decreasing the activity of water) results in the shift of the melting curves to lower temperatures (data not shown). The increase in water activity shifts the overall equilibrium towards the conformation with higher hydration level, that is, the duplex state. The T M dependence on water activity for each molecule is shown in Figure 13 . A linear dependence is obtained with slope values in the range of 928C (DDD-1) to 3058C (HPL). We obtained negative Án w values for the formation of each duplex or hairpin at 10 mM NaCl, (Table 1) . Specifically, we measured water uptake in mol H 2 O per mol duplex of 30 (DD) and 21 (DD-1), 38 (DDD) and 22 (DDD-1). These results are consistent with the higher hydration level of the duplex state. The increase in salt concentration yielded lower Án w values due to screening of the water dipoles. For the hairpins, we also obtained water uptakes of 18 (HPL) and 15 (HPL-1) mol H 2 O/mol hairpin at 10 mM NaCl ( Table 1) .
The significant observation is that the change in hydration between each pair of duplexes is pronounced; the substituted duplexes are less hydrated. For instance, there is a ÁÁn w of 9 and 6 between DD and DD-1 at 10 mM and 100 mM NaCl, respectively, and ÁÁn w of 16, 14 and 9 between the pair of dodecamer duplexes at 10, 100 and 200 mM NaCl, respectively. The incorporation of two G ! 7z-G residues into the duplexes at the 10-100 mM range of NaCl concentration, after normalizing by the number of base pairs, yielded a net decrease of 10 water molecules per mole of duplex in the hydration level of the modified duplexes, or 5 AE 2 water molecules per modification, which is in excellent agreement with the lower hydration level, by 3 AE 1 water molecules/mole hairpin, observed with the single substitution into the modified hairpin.
DISCUSSION
Our thermodynamic profiles indicate that in the 10-100 mM salt range, the inclusion of one 7-zG modification in a DNA duplex induces a destabilization of the duplex, ÁÁG = 1 kcal/mol, which results from a typical compensation of an unfavorable enthalpy contribution, ÁÁH = 6 kcal/mol, with a favorable entropy contribution, Á (TÁS) = 5 kcal/mol. In addition, there is lower release of both counterions (0.25 mol Na + /mole duplex), and water molecules (5 mol water/mol duplex). Therefore, the destabilization induced by 7-zG is enthalpy driven; which is attributed to changes in stacking, cation binding and hydration in the vicinity of the C-7-zG base Figure 12 . T M dependence on salt concentration for duplexes in 10 mM sodium phosphate buffer (pH 7), $7 mM strand concentration for (a) DD (filled circle) and DD-1 (filled square); $5 mM strand concentration for (b) DDD (filled circle) and DDD-1 (filled square); $7 mM strand concentration for (c) HPL (filled circle) and HPL-1 (filled square). Figure 13 . T M dependence on osmolyte concentration (as a function of ethylene glycol) for duplexes in 10 mM sodium phosphate buffer (pH 7), $7 mM strand concentration for: (a) DD (filled circle) and DDpair. This amounts to a total enthalpy of 4.5 kcal after subtracting the energy needed to remove five electrostricted water molecules (63, 64) : the removal of cations does not contribute to the enthalpy change (65) . However, the 1.952 Debye decrease in the dipole moment of 7-zG relative to G may amount to $2 kcal/mol reduction (66) . Furthermore, the 0.25 mol Na + /mole duplex lower counterion release measured in these two sets of duplexes suggests that the incorporation of one modification perturbs the local helical electrostatics by an equivalence of the two neighboring phosphates: 0.25/0.11, where 0.11 is the average number of sodium ions associated per phosphate in DDD and DD. The 0.11 Na + /phosphate, which is lower than that predicted in extended sequences, reflects the end effects observed in short deoxyoligonucleotides. In any event, the release of ions from these sites may be accompanied by an immobilization of structural water, which will possibly make a small endothermic contribution to the enthalpy (64) . In other words, the five electrostricted water molecules per site may be converted to immobilized structural water due to a reduction of the local charge density parameter, which is accompanied by an overall endothermic enthalpic contribution.
It was noted in previous studies that the introduction of a 7-zG residue into the self-complementary d(G-Z-A-A-T-T-C-C) sequence was destabilizing with a 48C reduction in T M in 10 mM buffer containing 20 mM MgCl 2 (30) . Our results confirm the destabilization of DNA due to the presence of 7-zG at more physiological ionic strength. The reduction in stability (ÁÁG $ 2 kcal/mol) that we observed is similar to the 1.3 kcal/mol reduction accomplished by eliminating two G-C base pairs in going from DDD to DD. The reduction in ÁG due to the 7-zG substitution is dominated by an unfavorable ÁÁH cal term and suggests that there are changes in stacking and/or hydration in the 7-zG containing oligomers. The unfavorable ÁÁH is compensated, in part, by a favorable Á(TÁS cal ) consistent with reduced release of salts and H 2 O from 7-zG substituted duplexes.
The thermodynamic studies complement the information gleaned from the structural studies using NMR where the most prominent feature is the rapid exchange at the C 11 -G 2 base pair adjacent to the 7-zG 10 -C 3 . While no increased exchange is observed at the 7-zG-C, this may be partially masked by a decrease in exchange rates due to differences in the pKa of the N1-H in 7-z-dG versus dG. In any event, the NMR reflects enhanced unstacking of the bases in the environment of the modification that may be related to the role of major groove associated cations in stabilizing DNA structure. These cation-binding sites, which are associated with G in the major groove of DDD, are often observed near both G in a GpC dinucleotide step (11) . There are two cations associated with the G 10 -C 3 and C 11 -G 2 step in the structure of DDD that was crystallized in the presence of Tl + (11) . Tl + is an excellent surrogate for K + based on its size and its anomalous scattering that facilitates the accurate mapping of monovalent cation locations (67) (68) (69) (70) (71) . A Tl + cation is $3.4 and 2.9 Å from G 10 -C 3 and C 11 -G 2 , respectively. This mode of bidentate binding could add a structural buttress to the DNA stack. Elimination of such a brace would have the most dramatic effect at the base pair closest to the terminus of the duplex that is normally frayed even at low temperatures ( Figure 8 ). The chemical footprinting of the 7-zG modification with THF-OOH is consistent with the enhanced accessibility of the bases flanking the 7-zG-C pair.
The interaction of cations with DNA is often considered restricted to the phosphate backbone. However, both mono-and divalent cations associate with the nucleobases at N7/O 6 -G in the major groove (11) . This can involve either direct or water-mediated interactions through solvated cations. Theoretical calculations suggest that the association of cations with G in the major groove substantially stabilizes duplex DNA (72, 73) . It was estimated that the dG-dC base pair is stabilized by $20-30% due to hydrated divalent cation binding to N7-G.
In summary, we have demonstrated using a variety of complementary techniques that 7-zG causes a change in the dynamic structure and stability of DNA that result in a decrease in base stacking and exposure of the flanking bases to solvent. Such changes, which would not be apparent from X-ray crystal structures or other structural studies at low temperature, can effect the interpretation of previous and future experiments with 7-zG modified DNA, especially if performed at physiological temperatures and ionic strength. These changes also shed light upon the complex relationship between groove associated cations and water, and DNA structure and its stability.
